The purpose of this study was to examine which of the following exhibited greater advantageous in achieving greater mechanical outputs, on the condition that muscle mass (thus the muscle volume) is identical: (1) to have a greater fascicle length, or (2) to have a greater physiological cross-sectional area (PCSA). (1) Corresponds to a thin and long muscle, whereas (2) corresponds to a thick and short muscle. Three simulation models of the human m. soleus in the region of the ankle joint were constructed. (A) The default model muscle parameter values were derived from the literature. (B) The optimal length of the contractile element (CE) was changed to 1.1 times and the maximal isometric force of the CE was changed to 1/1.1 times the original values. (C) The optimal length of the CE was changed to 1/1.1 times and the maximal isometric force of the CE was changed to 1.1 times the original values. The total muscle volume was unchanged through these modifi cations. Maximal-effort isokinetic plantarfl exion/dorsifl exion activities were simulated at a variety of angular velocities. In concentric actions excluding those at very slow angular velocities, greater mechanical outputs were obtained with model (B). During eccentric actions, the mechanical output was consistently greater with model (C). The fi ndings of this study raise suggestions related to assessing the aptness of individuals for athletic activities in which the competitors are classifi ed by their body mass (such as weight lifting and judo). Results suggest that it is more advantageous to have a greater fascicle length (tall-and-slender physique) for concentric activities, whereas it is more advantageous to have a greater PCSA (short-and-thick physique) for eccentric activities.
Introduction
It is crucial for athletes and coaches to assess type of movements for which their physique (e.g., tall-and-slender or short-and-thick) is suited. This assessment is especially valuable for sports activities in which competitors are classifi ed by body mass (such as weight lifting, boxing, wrestling, judo, etc.), as the amount of muscle mass that the athletes can gain through strength training is limited in these cases.
The maximal isometric force development capability of a muscle is a linear function of its physiological cross-sectional area (PCSA). The coeffi cient of the linear function is referred to "specifi c tension" (Close 1972; Fukunaga, Ito, et al., 1996) . This relation can be expressed as F isom = SPT * PCSA, where F isom is maximal isometric force and SPT is specifi c tension. In general, the greater the PCSA is, the greater the expected isometric force development. However, when considering the mechanical output of muscles during movement, another factor, the length of muscle fascicles, exerts an important infl uence. This is due to the force-length-velocity relation of muscles (Edman 1988; Lieber 2002) .
When considering a situation in which the muscle volume (thus the muscle mass) is given, it is not clear which of the following is more advantageous: to have a greater PCSA or to have a greater muscle fascicle length. In other words, when considering sports activities in which the competitors are classifi ed by body mass, it is not obvious whether it is more advantageous to have a tall-and-slender physique or a short-and-thick physique. It is diffi cult to perform this type of quantitative evaluation through experimental procedures. Therefore the purpose of this study was to evaluate the mechanical output of a muscle as a function of its PCSA and fascicle length using computer simulation.
Methods
A computer simulation model of the human ankle musculoskeletal system, which consists of two rigid bodies connected with a frictionless hinge joint and a Hill-type musculotendon (Hill 1938) , was constructed using MATLAB (The MathWorks, Inc., Natick, MA, USA) (Nagano and Komura 2003) (Figure 1 ). The musculotendon model consisted of two elements, i.e., a contractile element (CE) representing fascicles and a series elastic element (SEE) representing all series elastic structures. The mathematical representation of the properties of the Hill-type musculotendon (e.g., force-length-velocity relations) was adopted from preceding studies (van Soest and Bobbert 1993; Nagano and Gerritsen 2001) .
The ankle joint and the m. soleus were modeled, as the muscle path of the m. soleus can be represented well with two points (an origin and an insertion). The parameter values of the musculotendon, i.e., maximal isometric contraction force (F max ), optimal length (L CEopt ) and pennation angle of the CE, slack length of the SEE, and the coordinates of the origin and insertion were adopted from a preceding study (Delp, Loan, et al., 1990) . With these parameter values, the m. soleus attained the maximal isometric force development at approximately 20 deg of ankle joint plantarfl exion (Figure 4, 5) .
The m. soleus was maximally activated, as the ankle joint was rotated at constant angular velocities. Kinetic (force, moment, power and work) output around the ankle joint were evaluated for variations of angular velocities, i.e., from -210 deg/s (plantarfl exion) to +210 deg/s (dorsifl exion). Plantarfl exion motions were initiated from the ankle joint angle = 0 deg (neutral position), whereas dorsifl exion motions were initiated from the ankle joint angle = -60 deg (60 deg plantarfl exed position). The range of -60 deg to 0 deg covers the range of active force development of this muscle with the parameter values utilized in this study (Delp, Loan, et al., 1990) (Figure 4, 5) . These correspond to isokinetic measurements on a muscle testing machine.
Thereafter, the same evaluation was repeated, with the muscle parameter values modifi ed in two ways, maintaining the muscle volume constant. In one case (noted "1.1 L CEopt " model), L CEopt was increased by 10% (1.1 times the original value), whereas F max was decreased by 9.09% (1/1.1 times the original value) (Figure 2) . 10% of variations were found to be reasonable by referring to the experimentally collected muscle architecture data summarized in a preceding study (Yamaguchi 1990) . This corresponds to a muscle model whose fascicle length is greater than the original model. As F max is assumed to be proportional to PCSA, this manipulation kept the total volume of the muscle constant. This manipulation changes the shape of the force-length relation of the contractile element such that the range of active force development is increased by 10% and the peak force is reduced by 9.09%, while maintaining the area under the force-length curve constant (Figure 3) . In another case (noted "1.1 F max " model), F max was increased by 10%, whereas L CEopt was decreased by 9.09% (Figure 2) . This corresponds to a muscle model whose PCSA is greater than that of the original model, while keeping the muscle volume constant. This manipulation reduces the range of active force development by 9.09% and increases the peak force by 10%, while maintaining the area under the force-length curve constant (Figure 3 ).
Results
F o r c o n c e n t r i c a c t i o n s , t h e m u s c l e f o r c e development was greater for the "1.1 F max " model than for other two models when the angular velocity was relatively low. At a relatively high angular velocity (> 90 deg/s), the muscle force development was greater for the "1.1 L CEopt " model than for other models (Figure 4 , Table 1) . Similarly, at a relatively low angular velocity, the joint moment output was greater for the "1.1 F max " model than for other two models. At a relatively high angular velocity (> 120 deg/s), the joint moment output was greater for the Figure 2 Schematic diagram of the manipulations of the muscle parameter values applied in this study. For the "1.1 F max " model, the F max value was increased to 1.1 times the original value, whereas the L CEopt value was decreased to 1/1.1 times the original value. For the "1.1 L CEopt " model, the L CEopt value was increased to 1.1 times the original value, whereas the F max value was decreased to 1/1.1 times the original value. The total muscle volume remained constant through these manipulations. F max : maximal isometric force of the contractile element, SPT: specifi c tension, PCSA: physiological cross-sectional area of the contractile element.
Muscle Volume = PCSA * L CEopt = Constant Figure 3 The shape of the force-length curve. For the "1.1 L CEopt " model, the active range of force development was increased and the maximal force development was decreased.
For the "1.1 F max " model, the maximal force development was increased and the active range of force development was decreased. These modifi cations kept the area under the force-length curve constant. F CE : force development of the contractile element; L CE : length of the contractile element.
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http://www.soc.nii.ac.jp/jspe3/index.htm 101 "1.1 L CEopt " model than for other two models (Table 1) . Furthermore, at a relatively low angular velocity, the power output was greater for the "1.1 F max " model than for other two models. At a relatively high angular velocity (> 120 deg/s), the power output was greater for the "1.1 L CEopt " model than for other two models (Table 1) . For all angular velocities, the concentric work output was consistently greater for the "1.1 L CEopt " model than for other two models ( Table 1) . 
Figure 4
Muscle force development during concentric actions. The solid line represents the data for the default model. The dashed line represents the data for the "1.1 L CEopt " model. The dotted line represents the data for the "1.1 F max " model. Table 1 The mechanical outputs of the m. soleus during concentric actions. Variations of ankle joint angular velocities were tested. According to the defi nition described in Figure 1 , a negative angular velocity stands for a plantarfl exion motion. Greater mechanical outputs, except for work outputs, were obtained with the "1.1 F max " model at a relatively small angular velocity. Greater mechanical outputs were obtained with the "1.1 L CEopt " model at a relatively large angular velocity (indicated by bold letters).
For eccentric actions, the force development of the muscle, joint moment output, negative joint power output and negative work output were consistently greater for the "1.1 F max " model than for other models ( Figure 5, Table 2 ).
Discussion
The purpose of this study was to examine which of the following, a greater fascicle length or a greater PCSA, exhibits a greater advantage when an identical muscle volume is assumed. During 
Table 2
The mechanical outputs of the m. soleus during eccentric actions. Variations of ankle joint angular velocities were tested. According to the defi nition described in Figure 1 , a positive angular velocity represents a dorsifl exion motion. As the motions were eccentric, negative power and work outputs were calculated. Greater mechanical outputs were consistently obtained with the "1.1 F max " model (indicated by bold letters). http://www.soc.nii.ac.jp/jspe3/index.htm 103 concentric actions, there was an overall tendency for greater mechanical output for the "1.1 F max " model than for other models at a relatively small angular velocity (Figure 4, Table 1 ). However, at greater angular velocity, the mechanical outputs were greater for the "1.1 L CEopt " model than those for the other two models. This is true for all force (> 90 deg/s), moment (> 120 deg/s) and power (> 120 deg/s) outputs (Figure 4, Table 1 ). This is due to the major role played by the non-linear drop of force development resulting from the force-velocity relation in the higher angular velocity region (Edman 1988; Nagano and Komura 2003) . Having longer fascicles (greater L CEopt ) means that the contractile element experiences lesser relative shortening at a certain ankle joint angular velocity. Therefore, there was a smaller drop of force development of the CE with a greater L CEopt .
For eccentric actions, all force, moment, (negative) power and (negative) work output values were greater for the "1.1 F max " model than for other models ( Figure 5, Table 2 ). In the "1.1 F max " model, a greater F max was advantageous for force development. Likewise, with a shorter L CEopt , relative lengthening speed of the CE at a certain ankle joint angular velocity was greater for this model than for the other two models. This also enhanced the muscle force development due to the eccentric part of the force-velocity relation. Therefore for eccentric actions, a greater PCSA (thus F max ) seems to be more advantageous.
Peak plantarfl exion angular velocity during squat jumping has been reported to be ~900 deg/s (Bobbert and van Ingen Schenau 1988); peak plantarfl exion angular velocity during walking has been reported to be ~250 deg/s (Winter 1990) ; and peak plantarfl exion angular velocity during sprinting push-off has been reported to be ~950 deg/s (Jacobs, Bobbert, et al., 1996) . This implies that the non-linear effect of the fascicle length/PCSA relation on joint kinetic outputs investigated in this study comes into play in many cases of human locomotion. When the required speed of concentric joint motion is very slow (< 120 deg), it was found to be advantageous to have a greater PCSA. However, in most types of daily and sports movements, concentric angular velocity of joint motions easily enters into the "fast" angular velocity region (> 120 deg/s) investigated in this study. Therefore, in practical terms, it would be safe to state that it is more advantageous to have longer fascicles to enhance concentric mechanical outputs. This fi nding seems to be consistent with what has been reported in a preceding study (Abe, Fukashiro, et al., 2001) . These researchers investigated the correlation between the muscle fascicle length and the sprinting performance of elite sprinters. The fascicle length was experimentally obtained using ultrasonography. It was concluded that a longer fascicle length is associated with a greater sprinting performance. Although a great care needs to be taken when comparing the fi ndings of this simulation study with the experimental fi ndings (Abe, Fukashiro, et al., 2001) , the consistent results suggest the importance of muscle fascicle length in concentric activities. It would be valuable to perform more rigorous comparisons between simulated and experimentally obtained data in future studies.
The m. soleus was modeled in this study, as the origin, insertion and line of action of this muscle can be modeled in a simple form (Delp, Loan, et al., 1990) . In addition, a constant pennation angle was assumed for the sake of simplicity. This approach is similar to that taken in a preceding study investigating the relation between the length of moment arm and the mechanical outputs of the musculoskeletal system (Nagano and Komura 2003) . Although the current study yielded clear and reasonable results, it is necessary to investigate whether the same behaviors are observed for other muscles for which the pennation angle c h a n g e s d y n a m i c a l l y. T h i s m o d i fi c a t i o n i s technically demanding due to the three-dimensional confi guration of the joints and muscles; however, it is likely that the results obtained in this study would be valid in such cases as well, as the results are derived from the basic force-velocity relation of muscles (Edman 1988; Lieber 2002) .
It is widely recognized that the cross-sectional area of muscles can be increased through strength training (McDonagh and Davies 1984; Narici, Hoppeler, et al., 1996; Hakkinen, Newton, et al., 1998) . However, it is not likely that the muscle fascicle length can be lengthened substantially through normal (non-invasive) training protocols (Lieber 2002) . Therefore, while the results of this study are not likely to suggest a direction of athletic training, they do raise suggestions related to assessing the aptness of individuals for athletic movements. It was generally suggested that an individual with a tall-and-slender physique is more suited to concentric movements, whereas an individual with a short-and-thick physique is more suited to eccentric movements, although it goes without saying that numerous other factors (such as the relative length of body segments and so on) should be taken into consideration when applying this fi nding to actual sports activities.
